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The cosmological redshifts z in the frequencies of spectral lines from distant galaxies as compared
with their values observed in terrestrial laboratories, which are due to the scale factor a(t), fre-
quently are interpret as a special-relativistic Doppler shift alone. We will demonstrate that this
interpretation is not correct and that the contribution of the gravitational redshift is always present
and significant. We will show that the gravitational redshift is actually about the same magni-
tude as the cosmological redshift, but that only for cosmological models without the dark energy
component cosmological and gravitational redshift can be considered to be the same. Significant
contribution of the gravitational redshift due to the gravitational field of the Universe, which is
ignored in interpretation of the observational data, could have significant impact on cosmological
theories. We will first calculate contributions of gravitational redshift to CMB and time dilation of
Type Ia supernovae, and use it to explain the excess redshifts of quasars and active galaxies, and
redshifts of companion galaxies of stars. We will show its possible implications on the interpretation
of mass density of matter and mass as function of cosmological time. Finally we will demonstrate
that taking into account gravitational redshift allows to interpret luminosity distance and surface
brightness of distant galaxies to be consistent with the static universe cosmological models.
BACKGROUND
In co-moving Robertson-Walker coordinate system re-
lation between the redshift z, in the frequencies of spec-
tral lines from distant galaxies as compared with their
values observed in terrestrial laboratories, and scale fac-
tor a(t) is given by
1 + z = a(t0)/a(t1), (1)
where the light is emitted at time t1 and observed at the
present time t0. Such redshift z is frequently interpreted
in terms of the Doppler effect. The reason for that is that
for a decreasing or increasing a(t), the proper distance
to any co-moving light source decreases or increases with
time, so that such sources are approaching us or receding
from us. For this reason the galaxies with wavelength
shift z are often said to have a cosmological radial velocity
cz.
However there is a problem with interpretation of the
cosmological redshift as a Doppler shift. First, the change
in wavelength from emission to detection of light does not
depend on the rate of change of a(t) at the times of emis-
sion or detection, but on the increase of a(t) in the whole
period from emission to absorption. Therefore we cannot
say anything about the velocity of a galaxy at time t1 by
measuring redshift z, nor we should express the radial
galaxy velocity through cz. The observed redshift, wave-
length stretching, is caused by stretching of the space
not by the velocity of the galaxy at time t1. The galaxy
could have any velocity at that time and we cannot mea-
sure it, because we observe just the cumulative effect in
wavelength change during the time period t1 − t0. How-
ever, in series of papers [1], in the 1920’s, Wirtz and K.
Lundmark showed that Slipher’s redshifts, summarized
in [2], increased with the distance and therefore could
most easily be understood in terms of a general recession
of distant galaxies.
Another problem is that the wavelength of light is also
affected by the gravitational field of the universe, gravi-
tational redshift. For that reason it is not correct to in-
terpret the redshift from very distant sources in terms of
cosmological redshift alone or to interpret it as a special-
relativistic Doppler shift alone, the gravitational redshift
must be taken into account too. One can claim that
cosmological and gravitational redshift are the same and
must be the same, that they are just different interpreta-
tion of the same effect. For instance, that it follows from
the solution of the Friedmann equations. This equiva-
lence will be desirable because at the present there is a
problem to explain the physical mechanism that causes
the cosmological redshift. The understanding is that
space is expanding and that it stretches the wavelength.
However, the energy of the photons is changed and to
change the energy there should be an interaction, a force
between space which is expanding and the photons, which
will be responsible for that change in photons energy.
There is no a known mechanism that will describe such
interaction. On the other hand, there is no such problem
if the cosmological redshift can be interpreted as gravi-
tational and using quantum mechanical interpretation of
photon. However, as it will be shown later the equiva-
lence between cosmological and gravitational redshift is
only true for cosmological models without dark energy.
Since all current models assume dark energy as a domi-
nant component all redshifts data must be reinterpreted.
The gravitational redshift has been always associated
only with strong local gravitational fields. For that rea-
son it has been ignored, because for instance for a typical
cluster mass of ∼ 1014M, where M is the Sun’s mass,
the gravitational redshift is estimated [3], [4], [5] to be
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2≈ 10 kms−1, which is about two orders of magnitude
smaller than Doppler shift due to the random motion of
galaxies in cluster. However, the gravitational redshift
is experimentally verified first in [6] and more recently
in [7] and also it is recently measured in galaxy clusters
[8]. We will show that gravitational redshift due to the
gravitational field of the universe, which is different from
that of a local gravitational field, is not small and cannot
be ignored. It is actually of the order of the cosmological
redshift.
We will show that it is necessary to take into account
gravitational redshift when light is emitted at an early
epoch and observed at the present time, because of the
change in gravitational potential, due to the expansion
of space and because light is losing energy by climbing
trough the gravitational field. We will apply gravita-
tional redshift to solve some current problems in inter-
preting observable data.
GRAVITATIONAL REDSHIFT
One of the central predictions of metric theories of
gravity, such as general relativity, is that photons will
lose energy leaving a massive object and gain it when
moving toward a gravitational source. The redshift be-
tween two identical frequency standards placed at rest at
different strengths in a static gravitational field is:
∆ν/ν = −∆λ/λ = ∆U
c2
=
GM1
R1c2
− GM0
R0c2
, (2)
where R1 is for instance radial position of galaxy that em-
mited the photon at time t1 and R0 is the radial position
of observer that detected the emitted photon at present
time t0. If we assume that the Universe is a sphere then
M1 and M0 are the portions of the mass of the Universe
inside the imaginary spheres going through coordinates
R1 and R0 respectively. For instance if we would like to
calculate gravitational redshift for CMB then R1 = 42
Mly, which is the size of the Universe at the time of de-
coupling [9], R0 = 46 Gly is the size of visible Universe
at the present time [10], and M1=M0=M is the mass of
the Universe, which is the same at time of decoupling
and today.
Using for the mass of the visible Universe M1=M0=2×
1053 kg, we obtain for the CMB redshift due to the grav-
itation z=371. However, if we use a plausible model of
the Universe described in [11], we will in that case obtain
for z values around 1166, which is in agreement with ob-
served value, taking into account uncertainty in the M .
Let us now consider the effect of the gravitation field
of the Universe on time dilation of Type Ia supernovae
(SNe Ia), because a clock in a gravitational potential U
will run more slowly by a factor ∆t
∆t = 1 + ∆U/c2, (3)
as compared to a similar clock outside the potential. Cal-
culating for z=0.5 gives a factor of 1.20 and for z=1 a
factor of 1.45, if we take into account only baryonic mass
M=2 × 1053 kg, and values 1.63 and 2.41 for a cosmo-
logical model that assumes a smaller size of Universe for
factor pi [11]. In both cases the results are inside of one
standard deviation with results [12], see Fig. 1. It is
FIG. 1. The time dilatation of Ia supernovae. Dashed line
are calculations for different z using equation (3) and baryonic
mass only. Solid line is for the cosmological model [11]. The
experimental data [12] are shown by rhombus. The fine dot-
dashed line is our least square fit of the data.
important to note that in our calculations, for the CMB
redshift and for time dilation, we used in (2) and (3) for
M the total mass of the Universe, as we are on the top
of the shell representing the Universe, while we may be
somewhere inside the shell. So, there is some allowed
range for the obtained results, which depends on our po-
sition relative to the mass distribution in the Universe.
Obviously, even if we take for the mass of the Universe
only baryonic mass, in both cases of CMB and Type Ia
supernovae, the contribution of the gravitational redshift
due to the gravitational field of the Universe is significant
and should be taken into account in data interpretation,
for instance in interpreting the acceleration of Universe
expansion using supernovae data or redshifts of QSOs.
An argument that we do not need to take into account
gravitational redshift in interpreting observational data
could be that it is equivalent to the cosmological red-
shift. One can say that we did not obtained accidentally
the same values for CMB and Type I Sn supernova, using
equations (2) and (3), as it is predicted with cosmolog-
ical redshift, that actually we must obtain exactly the
same values if calculations are correctly done. That can
be easily checked by evaluating the Friedmann energy
equation
(
1
a
da
dt
)2 =
8piG
3
ρ− kc
2
a2
. (4)
3Comparing results obtained by solving the Friedmann
equation for k=0 (for simplicity) and equation (2) it
is straightforward to show that in the case of baryonic
mass the cosmological and the gravitational redshifts are
the same. However, it is also obvious that in the model
that includes only dark energy, the Friedmann equations
will give cosmological redshift, while equation (2) for the
gravitational redshift will give actually a gravitational
blue shift (because of the repulsion). In standard ΛCDM
model dark energy is dominant and therefore cosmolog-
ical and gravitational redshift will be different, which
should be taken into account in data interpretation. It is
also possible to use (2) to obtain a fine tune of the M/R
ratio for different cosmological epochs, since calculated
gravitational redshift, using equation (2), should agree
with observed redshift.
As it is shown above taking into account only bary-
onic mass gives the redshift about 371 and 1166 for the
current model of the visible Universe [10] and model pro-
posed in [11] respectively, which is close to the observed
redshift. However, if we take in addition into account
also dark mass, equation (2) will give redshifts that are
for factor 7 higher, which is not acceptable result, signif-
icantly different from observed.
The time dilation (3) can be obtained for instance by
comparing proper time intervals τ for clocks 1 and 2
placed at finite distances R1 and R2
dτ2
dτ2
=
√
g00(2)dt√
g00(1)dt
' 1+Φ2−Φ1 = 1− GM
R2c2
+
GM
R1c2
. (5)
One can say that gravitational time dilation has purely
geometric interpretation due to the metric tensor g00,
that modification of the clock rate is due to the change
in spacetime geometry. However, it does not mean that
the time dilation caused by cosmological expansion, ob-
tained by solving (4), will be the same as the result of
equation (5). Gravitational redshift assumes that the
material content of the Universe determines the preferred
inertial motion, that the Hubble flow, recession of the
enormous amount of the matter causes the redshift and
time dilation. That is not so in general relativity because
Birkhoff’s theorem is the basis for the equation
∇ · g = 4piG(ρ+ 3p) (6)
where density ρ and pressure p represent active gravi-
tational source for gravitational acceleration. Assump-
tion is that into flat spacetime we placed enough small
amount of active gravitational mass ρ+3p so that we can
use Newtonian mechanic and equation (6). Also when we
are solving equation (4) we are expressing p by ρ assum-
ing that the net energy within the sphere of volume V is
U = ρV , which neglects the gravitational energy of the
mass within the sphere. However, neither of these two
assumptions is correct when the considered volume is the
entire Universe and the active gravitational mass is the
mass of the Universe. For that reason the redshifts and
time dilation due to the cosmological expansion calcu-
lated using equation (4) and gravitational redshifts and
time dilation obtained by equations (2) and (5) will be
different.
The gravitational redshift can be explained by the en-
ergy conservation and by the principle of equivalence.
Consider for example an atom in gravitational field Φ at
rest, emitting photon hν1 and the same photon absorbed
by another atom at rest, at a different position. The
mass lost by the first atom by emission of the photon is
∆m1 = −hν1 and the mass gained by the another atom
by absorption of the photon is ∆m2 = hν2. In emission
absorption process the total energy must be conserved:
∆m1 + Φ1∆m1 + ∆m2 + Φ2∆m2 = 0 (7)
where we used that the energy change ∆m produces the
change in the gravitational mass, due to the equivalence
principle.
This gives for the gravitational redshift
∆ν/ν =
ν2 − ν1
ν1
' Φ1 − Φ2 (8)
The equation (7) is conservation of energy that must be
satisfied for any model and it must be satisfied not only
for photons and radiation mass, it also must be satisfied
for baryonic mass and dark mass. This has significant
implications. It means that not only particles of radiation
will be slow down during expansion of the Universe, but
also that particles of matter will also lose energy. As
it can be seen from (7) the matter mass and therefore
the mass density of mater will be affected on the same
way as the radiation density. It means that the density
of matter ρm and density of radiation ρr must have the
same expansion dependence a(t):
ρr ∝ 1/a4 and also ρm ∝ 1/a4. (9)
This will have significant impact on cosmological mod-
els, because the interpretation of observed data will be
different if ρr ∝ 1/a4 instead to 1/a3.
An additional interesting consequence of relation (7) is
that in an expanding universe the mass will depend on
the epoch, because it will change accordingly to change
in the gravitational potential. For the same reason that
light is losing energy climbing through the gravitational
field, on the same way the matter will also lose energy.
This can be expressed through the mass energy relation
by a lower mass. It follows from (7) that the expansion
of the space requires space-time dependent mass.
∆m(a) ∝ 1
a1(t)
− 1
a2(t)
(10)
The matter participating in Hubble flow will change mass
by the flow, because it slows down by climbing in the
4gravitational potential, which is changing by expansion.
The mass of the the matter at the early epoch (for in-
stance the time of decoupling) will be larger than the
same amount of mass at the present time, because of the
stronger gravitational potential at the earlier epoch than
at the present. It is important to note that this is differ-
ent from the variable mass hypothesis proposed in 1977
by Narlikar [13], where the mass is proportional to the
time of creation m ∝ t2. In our case, if there is no Hubble
flow, for instance in case of a static universe, the mass will
be constant in time. Also the proportionality is different,
in [13] mass is smaller in early epoch, while gravitational
redshift requires that due to the energy lose during the
expansion it should be smaller as Universe expands.
One can argue that this will cause an additional red-
shift, actually a blueshift, because the light emitted by
the matter that has bigger mass will have shorter wave-
length in comparison by the light emitted by a smaller
mass. This is the same mechanism as proposed by [14].
However at the presence of bigger mass time is dilated,
which will cause the redshift of the same magnitude.
These two effects cancel each other; the only gravita-
tional effect that will remain is due to particle climbing
up in the gravitational potential.
There are observable indications that quasars of gener-
ally larger redshifts are associated with larger galaxies of
much lower redshift [15]. That and the apparent lack of
the time dilation effect in quasars light curves was used
as argument that quasars are not at the cosmological dis-
tances implied by their redshifts [16]. The most recent
results [17] on the origin of the radio jet in M87 at the
location of the central black hole, implies that the site of
material infall onto the black hole and accretion disk and
the eventual origin of the jets is just about 0.007 to 0.01
pc or 14-23 Schwarzschild radii (Rs radius of the event
horizon). This is much closer than previous thought,
104-105 Rs. The reveal that the central engine of M87
is located in the scale of 10 Rs of the radio core is in
synergy with observation with very-high-energy (VHE)
γ rays. The recent observations of an intense VHE γ
-rays flare of M87 suggest that the VHE emission origi-
nates in the core and that the size of the VHE emission
region is also on the scale of 10 Rs [18]. Thus the new
results indicate much higher gravitational potential, ra-
tio M/R, that emitted radiation needs to overcome by
climbing up in the gravitation field to escape from the
quasar. This allows to interpret the observed redshift
not as cosmological only, but with significant gravita-
tional redshift component, which in some cases may even
be larger than cosmological redshift. For example, in the
case of M87 using for M=6× 109 M [19] and R=23Rs
(0.01 pc) [17] the gravitational redshift is of the order of
z=0.05. It is even bigger than the observed value of ∼
0.005 (16.7 Mpc), which demonstrates a significant con-
tribution of the gravitational redshift. Hoverer, the ob-
tained result is in agreement with the measured redshift
because there is still freedom in the estimate of M/R
ratio. Therefore, it is quite possible that discrepancies
between galaxies with a small cosmological redshift (the
gravitational redshift is not significant because of small
M/R, large size of galaxy) and an accompanied quasar
with a large redshift (large M/R) can be explained by
gravitational redshift. It is true that this will not solve
the problem of the time dilation (because it should be
also present in gravitational redshift), but it solves prob-
lem with the difference in the redshifts associated with
galaxy and a nearby quasar.
There is also established excess redshift of companion
galaxies and stars, grouped together around a large dom-
inant galaxy. In two nearest groups, the local group and
M81 group, the companion galaxies have redshift system-
atically larger by order of 100 km s−1. The effect is statis-
tically significant [15], [20], but until now not explained.
However, the explanation can be done by gravitational
redshift. It is enough to assume that in the past com-
panion galaxies were closer to the dominant galaxy and
that for some reason, for instance initial motion, or be-
cause of the excess of rotation motion that overcome the
gravity force, they are at present at larger distances. By
moving up in the gravitational field of the central galaxy
all companion galaxies will be redshifted. Because the
observed redshifts are small only about 100 km s−1 they
can be explained by (2) and galaxy R/M .
It is interesting to note that gravitational redshift also
gives possibility for the static universe as a reasonable op-
tion. Actually, the amount of gravitational contribution
to the redshift, in both cases CMB and supernovae, is so
significant that it allows to interpret the data solely as
the gravitational effect, without cosmological component
a(t0)/a(t1) related to the expansion. This now raises
question can we have a static cosmological model that
will be consistent with the observational data. A model
without cosmological redshift, but gravitational one.
The main reason that discredits the static solution,
for instance tired light model is that it cannot describe
correctly relation between luminosity distance dL(z) and
diameter distance dA(z) of the same distant source. The
model independent interpretation of redshift and lumi-
nosity require DL(z)/dA(z) = (1 + z)
−2, while static
models predict factor (1 + z)−1. In conventional theory
all rates of the sources are described by a factor (1+z)−1,
while in tired light model there is no such slowing down.
However, this statement is not correct. It is true that
there is no cosmological redshift a(0)/a(t), because there
is no expansion. However, there is gravitational redshift.
If we imagine Universe as a uniform homogenous static
sphere, light will be gravitationally redshifted, in the case
of radial motion of light from smaller toward larger radii.
Please note that not only the wavelength of the photon
will be affected, but also because of time dilation (due to
gravitation) the rate of the photon will be also reduced.
So the static model cannot be disqualified.
5One can say that in this case one can also expect
blueshift, if we are not on the surface of the sphere rep-
resenting the Universe. It is actually possible that we
observe these blue shifted photons. The objects like Sb
galaxy M31 have a slightly negative redshift (-86 km
s−1), which cannot be velocity without violating the dy-
namics of our Local Group [21]. There are also Sb galax-
ies in Virgo cluster that are blueshifted. So it is possible
that those galaxies are in outer shell, and that it is the
reason for gravitational blueshift.
CONCLUSION
The new interpretation of the observed redshifts shows
that gravitational redshift and cosmological redshift are
the same only for some specific cosmological models,
which do not include dark energy. The gravitational
effects due to the Universe expansion and large gravita-
tional potential could be significant and in some cases can
be larger than cosmological redshift and for that reason
should be taken into account in data analysis. The grav-
itational redshift affects radiation matter and particles
of matter, which require the same 1/R4 dependence for
both, radiation and particle matter. It also gives possi-
bility that mass depends on space expansion and epoch.
The gravitational redshift gives reasonable explanation
for excess redshift of quasars and active galaxies. It also
explains excess redshift of companion galaxies and stars.
Finally it allows for a static model of the Universe, be-
cause for that model it predicts time dilation, which lack
of prediction by the cosmological interpretation of the
time dilation was the main argument against the static
model.
I would like to thank S. Matinyan and I. Filikhin for
useful discussions. This work is supported by NSF award
HRD-0833184 and NASA grant NNX09AV07A.
∗ vlahovic@nccu.edu
[1] C. Wirtz, Astr. Nachr. 215, 349 (1921); ibid., 216, 451
(1922); ibid., 222, 21 (1924); Scientia, 38, 303 (1925). K.
Lundmark, Stock, Akad. Hand., 50, No 8 (1920); Mon,
Not. Roy. Astron. Soc., 84, 747 (1924); ibid., 85, 865
(1925).
[2] V.M. Slipher, table prepared for A.S. Eddington, The
Mathematical Theory of Relativity, 2nd ed. (Cambridge
University Press, London, 1924): 162.
[3] A. Cappi, Gravitational redshift in galaxy clusters, As-
tron. Astrophys. 301, 6-10 (1995).
[4] T. Broadhurst and E. Scannapirco, Detecting the gravi-
tational Redshift of Cluster Gas, Astrophys. J. 533, 93-
97 (2000).
[5] Y.R. Kim and R.A.C. Croft, Gravitational Redshift in
Simulated Galaxy Clusters, Astrophys. J. 607, 164-174
(2004).
[6] R.V. Pound and Jr.G.A. Rebka, Apparent weight of pho-
tons, Physical Review Letters 4 (1960)337341.
[7] Holger Muller, Achim Peters and Steven Chu, A pre-
cision measurement of the gravitational redshift by the
interference of matter waves, Nature, 463 (2010)926.
[8] R. Wojtak, S.H. Hansen, and J. Hjorth, Gravitational
redshift of galaxies in cluster as predicted by general rel-
ativity, arXiv:1109.6571v1.
[9] M. Vonlanthen, S. Ra¨sa¨nen and R. Durrer, 2010
Model-independent cosmological constraints from the
CMB, (DOI: 10.1088/1475.-7516/2010/08/023) JCAP
08 (2010)023.
[10] E. Komatsu, Seven-Year Wilkinson Microwave
Anisotropy Probe (WMAP) Observations: Cosmological
Interpretation, arXiv:1001.4538 (2010), Astrophys. J.
Suppl. 192 (2011)18.
[11] B. Vlahovic, A New Cosmological Model for the Visible
Universe and its Implications, arXiv:1005.4387v9.
[12] G. Goldhaber, et al., Timescale Stretch Parameter-
ization of Type Ia Supernova B-band Light Curves,
arXiv:astro-ph/0104382v1, The Astrophysical Journal,
558 (2001)359-368.
[13] J.V. Narlikar, Ann. Physics, 107 (1977)325.
[14] J.V.Narlikar and H.C. Arp, Time dilation in the super-
nova light curve and the variable mass hypothesis,The
Astrophysical Journal 482 (1997) L119.
[15] H. Arp, Ap&SS 167 (1990)183.
[16] H. Arp and D. Russell, ApJ, 549 (2001) 802.
[17] K. Hada, A. Dol, M. Kkino, H. Nagai, Y. Hagiwara, and
N. Kawaguchi, Nature 477 (2011) 185.
[18] V.A Acciari et al. Radio imagining of the very high en-
ergy γ - ray emission region in the central engine of a
radio galaxy. Science 325 (2009)444-448.
[19] K. Gebhardt and J. Thomas, The black hole mass, stellar
mass to light ratio, and dark halo in M87, Astrophysics
J. 700, (2009) 1690-1701.
[20] H. Arp, Quasars, Redshift and Controversies (Berkley:
Interstelar Media, (1987).
[21] H. Arp, Astron. Astrophysics, 156, (1986) 207.
